The critical closing pressure (CCP) of vessels supplying the capillary loops of the nailfold was estimated as the digital systolic pressure minus the air pressure required on the finger to just prevent flow of blood in the capillary loops. The digital blood pressure was estimated by an auscultatory method and the presence or absence of flow in the loops was detected by direct microscopic examination. It was shown that the method is valid and does not simply measure a local intravascular pressure or some rheological factor. The CCP was lower after body heating than after body cooling and was markedly reduced by anesthetization of the digital nerves. In hypertensive patients the CCP was higher than in normal subjects.
T HIS communication concerns the criti-
cal closing pressure (CCP) of vessels in normal subjects under various experimental conditions and in patients with high blood pressure. The CCP was calculated as the difference between the digital systolic blood pressure and the extravascular pressure which, when applied to the finger, just prevented flow of blood in the capillary loops of the nailfold. The principle of the method employed in estimating it was enunciated by Burton and Yamada 1 and applied by Yamada 2 in estimating the CCP of small vessels in the finger. The method described below differs from Yamada's technic in the manner of detecting the presence or absence of flow in the finger, and also in measuring the digital blood pressure rather than the brachial. The reason for the latter modification is that previous work 3 ' 4 has shown that there may be a considerable difference between the brachial and digital blood pressures. While this difference may be small when the subject is cool, it may be as large as 20 to 30 mm. Hg when the subject is warm. Experiments are de- scribed which show the validity of the technic of estimating the CCP.
METHODS
The extravascular pressure was increased by sealing the distal part of the finger in a plethysmograph ( fig. 1 ) and increasing the air pressure, measured with a mercury manometer, by means of a hand bulb.
Presence or absence of blood flow in the capillary loops of the nailfold was detected by direct microscopic observation of the movement of cells within the loops through the transparent plethysmograph. The finger was prepared for this by fastening a small coverslip over the nailfold area of the finger with dental sticky wax and filling the space between the coverslip and finger with glycerol. Glycerol was preferred to the usual oils because it is miscible with water and does not become cloudy with water droplets from perspiration. A small amount of calcium chloride was included in the plethysmograph with the finger to prevent the surfaces of the plethysmograph being fogged by condensation of water vapor. Sealing the plethysmograph onto the finger was accomplished by the use of a rubber finger stall and air-proof plastic adhesive tape
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GASKELL AND KRISMAN (Elastoplast) . The tip of the conical finger stall was cut oS so that the smaller end of the remaining portion fitted nicely without tension about the middle of the middle phalanx when the stall was on the finger. This edge was then fixed in place by means of a strip of the plastic adhesive tape encircling the finger so that it covered the edge of the stall and an adjoining portion of the skin. The free end of the finger stall was then folded back over the proximal edge of the plethysmograph and held there by rubber bands. Another strip of adhesive tape, applied around the finger and covering the proximal edge of the plethysmograph with its folded over stall, fixed it firmly to the skin.
To estimate the digital blood pressure, a. lYa inch wide pneumatic cuff was applied round the finger proximal to the plethysmograph and connected to a hand bulb for inflating the cuff and to a mercury manometer from which the pressure in the cuff could be read. The plethysmograph was connected to a stethoscope so that it replaced the usual diaphragm of the stethoscope. The blood pressure was estimated by inflating the pneumatic cuff to a suprasystolic pressure and then listening with the stethoscope for the Korotkoff sounds as the pressure in the cuff was reduced." The cuff pressure at which the sounds were first heard was taken as the digital systolic pressure. That at which they disappeared was taken as the diastolic pressure.
The measurement of the critical closing pressure of the vessels supplying the capillary loops of the nailfold was carried out as follows. The plethysmograph was first made to communicate with the hand bulb and pressure reservoir and the air pressure within the plethysmograph increased to above systolic pressure. The capillary loops were observed through the microscope and, when movement of cells within them had come to a stop, the extravascular pressure was slowly reduced until flow of cells was resumed. The air pressure within the plethysmograph at this time was noted. Then the system was opened to the atmosphere and the plethysmograph connected to the stethoscope. Then the digital blood pressure was estimated. The systolic pressure minus the air pressure in the plethysmograph when the flow of cells in the capillary loops was resumed was taken as the critical closing pressure.
Strictly speaking, the values estimated for CCP as above should probably be called the critical opening pressure. However, in earlier experiments the air pressure within the plethysmograph was increased slowly and the pressure noted at which the flow of cells in the capillary loops ceased, as well as the pressure at which the flow was resumed when the pressure was decreased.
With care and patience it could be shown in most subjects that the pressure at which the flow was resumed was the same as the pressure which just stopped the flow. Nichol et al.° also found the opening pressure to be the same as the critical closing pressure in animal perfusion experiments. The difficulty in estimating the CCP by determining the point of cessation of flow when the pressure is rising lies in the fact that flow in the capillaries does not cease immediately even if the extravascular pressure is raised above systolic pressure. Thus, when the flow of cells finally comes to a halt, the air pressure in the plethysmograph may already be higher than that actually required to close the critical vessel unless the pressure is increased very slowly. Because of this danger we have chosen to determine instead the extravascular pressure at which flow in the capillaries is resumed as the pressure is decreased.
In those experiments in which body heating and cooling was carried out, heating was accomplished by covering the subject with an electric blanket plus another woollen blanket and immersing the free arm in a bath of hot water (42 to 45 C ) . The subject was cooled by removing all covers and nearly all clothing and immersing the free arm in cool water (18 to 20 C ) .
Except for the patients with high blood pressure, the subjects were medical students and colleagues. All experiments were carried out with the subjects supine and the right arm and hand supported on pillows so that the fingers were at approximately heart level. Other details of method will be more appropriately given with the results.
RESULTS

Tests Indicating Validity.
Under the circumstances of this method there is a possibility that one is not measuring the CCP of the small vessels but only a pressure gradient from proximal to distal artery and small vessels even when flow of blood is prevented by the increased extravascular pressure.
A second possibility is that the method measures some rheologic factor such as yield pressure of blood. The yield pressure in this instance would be the minimum arteriovenous blood pressure difference required to start the blood, a non-Newtonian fluid, moving at all, even if the vessels are open. The venous pressure in the distal part of the finger would be the same as the air pressure in the plethysmograph when this is elevated.
Both these possibilities have been ruled out CRITICAL CLOSING PRESSURE 463 in a manner illustrated by the following experimental example. In 1 subject the digital systolic pressure was 102 mm. Hg and the air pressure in the plethysmograph was lowered to 68 mm. Hg before flow in the capillary loops was seen. The CCP was, therefore, 34 mm. Hg. When the venous pressure in the arm was raised by slowly inflating a pneumatic cuff around the upper arm until it was 94 mm. Hg, as measured in a vein on the back of the hand, the digital systolic pressure was 100 mm. Hg. While the venous pressure was 94 mm. Hg, it was still necessary to reduce the air pressure in the plethysmograph to 68 mm. Hg before flow was seen in the capillary loops. If the technic for estimating the CCP was, in fact, measuring only a pressure gradient, flow should have been seen in the capillary loops when the air pressure was as high as 94 mm. Hg. Again, if the method was measuring the yield pressure of blood as 34 mm. Hg when the venous pressure was normal, rather than the CCP, the persistent flow should not have occurred in the capillaries when the venous pressure was 94 mm. Hg and the arteriovenous pressure difference only 6 mm. Hg. The technic must, therefore, have been measuring a force arising in the vessel wall of sufficient magnitude to keep the vessel closed against an excess mtravaseular pressure over extravascular pressure of 34 mm. Hg-the critical closing pressure. Table 1 gives the results of experiments similar to that just outlined and carried out 4 times on each of 5 subjects. The venous pressure was measured with a Sanborn manometer connected to a needle in the vein. In the actual experiments the CCP was estimated when the venous pressure was raised and then while the venous pressure was still elevated, the air pressure in the plethysmograph raised above systolic pressure in preparation for the estimation of the CCP immediately when the venous congestion was relieved.
Effect of Local Ischemia. It is difficult to complete a measurement of CCP with only a short period of local ischemia. The method itself involves ischemia and the duration of the ischemia cannot be shorter than the time 29. 4 The extravascular pressure required to prevent flow in the capillary loops was the difference between the systolic pressure and the CCP. The venous pressure was within 2 mm. Hg of the recorded diastolic pressure when the brachial cuff was inflated.
taken for all flow in the capillaries to cease after the air pressure in the plethysmograph is raised above systolic pressure. In 2 subjects determinations of the CCP could be completed in less than 1 min. In these subjects the air pressure within the plethysmograph was maintained above systolic blood pressure for various periods of time before reducing the air pressure to determine the extravascular pressure at which flow in the capillary loops was resumed. The digital blood pressure was measured immediately after each period of ischemia and then blood flow was left unobstructed for at least as long as the duration of ischemia before the next period of ischemia was imposed.
In 1 subject local ischemia seemed to reduce the CCP during the first minute or two of is-464 GASKELL AND KRISMAN chemia from about 50 to 25 mm. Hg, but in the second subject no reduction was apparent.
In 4 subjects the effect of 10 min. of local ischemia on the CCP was compared with that of 3 min. of ischemia. In 1 of the subjects the comparison was made on 3 different days. The CCP was measured several times in each subject and the longer and shorter periods of ischemia were alternated. The results are given in table 2 where the individual estimations and the mean CCP after 3 min. and after 10 min. of ischemia are listed. The individual estimations are given to indicate the variation in the estimated CCP which might be encountered in a short space of time under the same circumstances. Because of this variation it was the practice to use the mean of several estimations in making comparisons of the CCP in different circumstances or in different individuals. The results in table 2 do not suggest that 10 min. of ischemia had any more effect on the CCP than did 3 min. of ischemia.
Effect on CCP of Anesthetizing the Digital
Nerves. In each of 3 subjects the CCP was measured in the ring and index fingers of the same hand 6 times. Following this the digital nerves of 1 of the fingers was anesthetized by injecting 1 per cent xylocaine into the base of the finger. The control finger was injected with a similar volume of normal saline. The CCP was measured again 6 times in the 2 fingers. Before the injections the mean CCP measured in the control fingers of the subjects was 21, 26 and 29 mm. Hg and in the corresponding test fingers 23, 28, and 31 mm. Hg. Injections of saline into the control fingers altered the mean CCP by 2, 0, and -3 mm. Hg respectively. Anesthesia of the digital nerves in the test fingers reduced the mean CCP by 10, 16 and 13 mm. Hg respectively. Thus, anesthesia of the digital nerves reduced the CCP by about 50 per cent.
Effect of Body Heating and Cooling on the CCP. The CCP was measured 6 tunes on each of 6 normal males, age 23 to 27 years, when they were made quite hot and also during the same experiment when they were made quite cold. Half of the subjects were cooled first and half were heated first. The mean CCP for each subject when he was cold was 42, 31, 34, 49, 51 and 34 mm. Hg. When the subjects were hot these means were reduced by 24, 22, 6, 44, 44, and 22 mm. Hg respectively. The CCP is, therefore, increased by body cooling and decreased by body heating.
CCP in Hypertension.
Because the CCP varies with the general vasomotor state of the body, as shown in the last section, an attempt was made to control the vasomotor state. The CCP was measured 4 to 6 times in each individual, both when he was heated and when he was cooled. The degree of heating and cooling was controlled so that the skin temperature of the digits next to the finger in which the CCP was being measured was within 2 to 4 C. of the oral temperature when the subject was heated and within 2 C. of room temperature when he was cooled. The room temperature was 21 ± 1 C.
The means of the CCP's in 10 patients with high blood pressure aud in 6 control subjects of a comparable age are listed in table 3. Half of each group were females. The patients were believed to have benign essential hypertension. None had congestive heart failure. Patient M.P. was receiving digitalis and a sedative. Patients J.S., C.C. and A.L. were receiving hypotensive drugs; X.B., E.D. and E.L. were not receiving any drug therapy and the remainder sedatives only. Of the control group, S.U. was suffering from peptic ulcer and F.H. from bursitis. The other members of this group were normal subjects.
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In states of both regulated A'asoconstriction and regulated vasodilatation the CCP was significantly higher in patients with high blood pressure than in subjects with normal blood pressure.
DISCUSSIOX
The method of estimating the critical closing pressure of vessels in the finger described in this paper is based upon the principle enunciated by Burton and Tamada. 1 An effort was made to investigate the validity of applying their principle under the circumstances of the test. The results of the experiments in which the CCP was estimated when the venous pressure was elevated to nearly the systolic pressure show that the cessation of flow in the capillary loops does not depend upon the extravascular pressure being greater than the intravascular pressure at some point in the vascular tree nor upon some rheologic factor. It is, therefore, considered that the technic provides a measure of a force arising within the vessel wall, causing closure of vessels supplying the capillary loops of the nailfold when the transmural pressure is below a critical level-the critical closing pressure.
The use of the digital rather than the brachial artery blood pressure in calculating the CCP increases the value of the measurement since it has been shown that the brachial to digital pressure gradient may be large and, furthermore, is not constant. The method gives information about vessels supph'ing a specific tissue-the nailfold capillary loops. The procedure employed by Burton and Yamada will yield a value for the CCP which will apply only to the vessels having the lowest critical closing pressure in the part under study. This is true also of the technic used by Lanari, BrombergerBarnea and Attinger 7 who studied the pressure curve in the brachial artery following sudden interruption of the circulation at a point proximal to an indwelling needle in the brachial artery.
The critical closing pressure, according to Burton, 8 is an index of vasomotor tone. It was shown 0 that the CCP could be increased Mean   39  44  45  47  48  41  51  55  62  65   200  200  166  166  212  227  221  218  240  215   115  124  112  111  105  122  130  91  135  107   52  51  44  49  52  68  52  53  55  44   52.0   198  202  167  160  199  207  216  217  212  200   113  122  116  113  102  121  129  90  120  100   22  20  19  18  19  22  23  13  IS  17 19.1 by vasoconstrictor drugs and abolished, except for that part contributed by interfacial tension, by perfusion with cyanide in animal perfusion experiments. In the human subject it can be increased by body cooling and decreased by body heating.
The results reported here confirm the latter observations. In addition they show that removal of neurogenic tone of the vessels by anesthesia of the digital nerves markedly reduces the CCP. Roddie and Shepherd 9 also found that anesthetization of the ulnar nerve in a human subject reduced the CCP of vessels in the little finger. All these observations support Burton's contention that the CCP is an index of vasomotor tone. One would expect, therefore, that local ischemia would reduce the CCP of the vessels involved. If it does so, it would seem that the maximum reduction oc-
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GASKELL AND KRISMAX curs within the first minute or two and there was difficulty in investigating the effect of such short periods of ischemia. Whether local ischemia changes the CCP or not, no further effect after the first 3 min. or so of ischemia was demonstrated.
It is believed that the immediate cause of high blood pressure in essential hypertension is an increased peripheral resistance which is fairly general in the body, except possibly in the muscles. 10 Yamada 11 reported that the CCP is higher than normal in patients with high blood pressure and, if this were true, it would be in agreement with the idea that the increased resistance is the result of an unusually high constrictor tone in the smaller vessels. Yamada measured the brachial blood pressure rather than the digital blood pressure in estimating the CCP of vessels in the finger. But it has been observed 4 that the brachial to digital systolic pressure gradient is higher in hypertensive patients than in normal subjects and this may have accounted for some of the difference in CCP which Yamada observed between normal and hypertensive individuals. In view of the influence of body heating and cooling on the CCP it is imperative that, when the CCP in hypertensive or other patients is to be compared with the CCP in a group of normal subjects, both groups are in comparable vasomotor states. Table 3 compares the CCP in normal and hypertensive subjects in states of regulated vasoconstriction and vasodilatation and shows that the CCP is indeed higher in the hypertensive patients.
SUMMARY
The critical closing pressure (CCP) of vessels supplying the capillary loops of the nailfold was estimated as the difference between the digital systolic blood pressure and the air pressure required within a plethysmograph, into which the finger was sealed, to just prevent the flow of blood cells in the capillary loops. The presence or absence of flow in the capillaries was determined by direct microscopic examination of the capillary loops.
When the local venous pressure was raised to nearly systolic pressure by means of a pneumatic cuff on the upper arm, the extravascular pressure required to prevent flow in the capillaries was not increased and remained well below the venous pressure and below any local intravascular pressure. Therefore, the method does not simply measure a local intravascular pressure gradient. Yield pressure was not responsible for the observations because flow in the capillaries was observed when the arteriovenous pressure difference was made small and much less than the CCP estimated under the same circumstances. These observations seem to establish the validity of the measurement. In 6 normal subjects the mean CCP when the subjects were cooled was 40 mm. Hg; but after body heating it was 13 mm. Hg. Anesthetization of the digital nerves in 3 subjects reduced the CCP by approximately 50 per cent. As it was difficult to study the influence of local ischemia, the total effect of this factor is uncertain.
The CCP was estimated in 10 patients with essential hypertension and 6 subjects of a similar age group with normal blood pressure when they were in a state of regulated vasoconstriction and again in a state of regulated vasodilatation. The mean CCP for the hypertensives was 52 mm. Hg when constricted and 19 mm. Hg when dilated. The means for the control group were 28 mm. Hg when constricted and 12 mm. Hg when dilated.
ACKNOWLEDGMENTS
We are indebted to Mrs. E. Thomas, R.X., for technical assistance and to Drs. R. E. Beamish and A. E. Thomson who kindly allowed access to their patients. We are grateful also to the students and colleagues who acted as subjects.
SUMMARIO IN IXTERLINOUA
Le pression critic requirite pro clauder le vasos que alimenta le ansas capillar del vallos ungual esseva estimate como differentia inter le pression sanguinee systolic del digito e le pression aeree que resulta, intra uu plethysmographo continente le digito, in le suppression del fluxo de cellulas sanguinee in le ansas capillar. Le presentia o absentia de fluxo in le capillares esseva determinate per medio de un direct examine microscopic del ansas capillar.
Quando le pression venose local esseva elevate a quasi le nivello del pression systolic per medio de un braeial pneumatic applicate al bracio superior, le pression extravaseular requirite pro prevenir le fluxo in le capillares non esseva augmentate e remaneva ben infra le pression venose e assi infra omne pression intravascular local. Ergo, le methodo hie deseribite non mesura simplemente un gradiente local de pressiones intravascular.
In 6 subjectos normal, le pression critic (secundo le supra-presentate definition e le supra-presentate methodo de estimation) habeva un valor medie de 40 mm de Hg quando le subjectos esseva frigidate sed de 13 mm de Hg quando le subjectos esseva calidate. Le anesthesiation del nervos digital, effectuate in 3 subjectos, reduceva le pre3sion critic per circa 50 pro cento. Proque il esseva difficile studiar le influentia de ischemia local, le effecto total de iste factor es incerte.
Le pression critic esseva estimate in 10 patientes eon hypertension essential e in 6 subjectos de simile etates con normal pressiones de sanguine. In ambe gruppos le experimento esseva executate con le subjectos in stato de vasoconstriction regulate e de novo in stato de vasodilatation regulate. Le valor medie del pression critic pro subjectos hypertensive esseva 52 mm de Hg in stato de vasoconstriction e 19 mm de Hg in stato de vasodilation.
Le correspondente valores medie pro le gruppo de controlo esseva 28 e 12 mm de Hg.
